15 N-NO 3 -and δ 18 O-NO 3 -were used to identify the sources and pollution process of NO 3 - . The results show that precipitation is the main source of water in the study area, and there is an obvious isotopic fractionation caused by evaporation. The reservoir water, river water, soil water, and shallow groundwater had a mutual recharge and discharge association. Deep groundwater is recharged by archaic groundwater and less affected by evaporation and human activity. NO 3 -is the main N species in the study area, nitrification is the main source of NO 3 -, and denitrification is also found in some river branches. 46.2% of NO 3 --N concentrations exceeded the drinking water standard of China. NO 3 -Sources are mainly controlled by land use type. Nitrogen in precipitation and soil organic N are the major sources of NO 3 - in [10] , shows the relationship between δ 18 O and δD in rain, snow, rivers, and lakes throughout the world and can be represented by the equation δD = 8δ 18 O+10‰. At the same time, runoff is the interaction between different water bodies in the hydrological cycle, which has an important influence on the distribution of stable isotopes in surface water and groundwater, δD-H 2 O and δ 18 O-H 2 O has been applied to reveal the relationship between surface water and groundwater [11] [12] [13] .
Accurately identifying nitrate pollution sources in water is a key part to controlling nitrate pollution. However, distinguishing the point source and non-point source of nitrate is difficult. The problem of nitrate overlapping caused by isotopic fractionation during the physical and biological processes must first be resolved. Traditional methods have investigated land use type and characteristics of local hydrochemicals in polluted areas to identify sources of nitrate pollution. However, results from these methods have not been satisfactory. In recent years, researchers have found that different nitrate sources contain different nitrogen (N) and oxygen (O) isotope ratios. Therefore, nitrate sources in water can be identified according to the values of N and O isotopes of NO 3 --N, which can compensate for the deficiency in traditional methods and provide a new way to directly identify pollution sources [14] [15] [16] . Accordingly, both isotopic δ 15 N-NO 3 -and δ 18 O-NO 3 -methods were applied to identify nitrate pollution sources in this study.
In the past few decades, the mining area of the Fenhe River Basin has undergone severe contamination [17] . Many coal mines, thermal power stations, and coal preparation plants exist in the area due to the geographical vantage point and good industrial foundation. The annual untreated wastewater discharge amount is 33.7 billion tons in the Fenhe River Basin. The main industrial pollutants are reducing substances, volatile phenols, and ammonia nitrogen in the study area. These pollutants account for 42% of the wastewater discharge, the reducing substances metered as chemical oxygen demand (COD) discharge amounts to as much as 57.8 thousand tons, and ammonia nitrogen discharge up to 9.1 thousand tons per year. Despite this, only limited data is available on pollution sources and NO 3 -transformation based on δ 15 N-NO 3 -and δ 18 O-NO 3 -isotopic methods from this area, while the hydrological process study based on δD-H 2 O and δ 18 O-H 2 O is also limited. Accordingly, we analyzed hydrochemical and isotopic composition of river water, reservoir water, shallow groundwater (water level between 0-30 m), deep groundwater (water level≥50m), and precipitation in the mining area of the Fenhe River Basin. The objectives of this study were to reveal the hydrological cycling processes via δD-H 2 O and δ 18 O-H 2 O and determine the concentration and transformation of nitrogen species. At the same time, the nitrate pollution processes also have been identified in this study combined with the δ 15 N-NO 3 -, δ 18 O-NO 3 -, and hydrochemical methods.
Materials and Methods

Experimental Site
The experimental site is located in the mining area of the Fenhe River Basin, with latitude 35°20′13′′N -38°56′17′′N and longitude 110°29′48′′E -113°32′27′′E. The Fenhe River Basin covers a catchment area of 3.9×10 4 km 2 . The altitude ranges from 368 m to 1,670 m (AMSL). The study area is the major coal producing area of China, and it is also the main industrial area, agricultural area, and urban residential area of Shanxi Province. 2.32×10 9 m 3 /a of Fenhe River water is used for industrial production and residents living by the riverbank, which accounts for about 46% of total water consumption of Shanxi Province.
The climate of the Fenhe River Basin belonged to a warm temperate continental monsoon climate zone. The average annual precipitation is 504.8 mm. The precipitation is decreasing with a rate of 21.49 mm/10a in the past 50 years, which shows a characteristic of small annual variety but a big seasonal variety. Therefore, the mining area of the Fenhe River Basin has a congenitally deficient condition of water resources and a fragile ecological environment. The precipitation is concentrated in June to September in the form of heavy rain (about 70% of total precipitation). The spatial distribution shows that the regional precipitation is unevenly distributed. Evaporation of surface water is between 1,000 mm to 1,200 mm, the high value area is in Yuncheng Basin.
The terrain of Fenhe River Basin is a graben rift valley, the alluvial fan of border mount is a hypsographic feature and complicated ditches, with a small area and a huge slope. There are different shapes of loess hills and tableland between the mountain and basin in the east due to the slowly changing terrain. The Fenhe River can be divided into upstream, midstream, and downstream by Lancun and Shitan according to the characteristics of the river.
Sample Collection and Field Experiment
The samples of river water, reservoir water, shallow groundwater, deep groundwater, and precipitation were collected from April 2012 to May 2015 in the mining areas of the Fenhe River Basin (Fig. 1) . Precipitation was collected by a rainwater collector and stored in the sample bottle after each rainfall event. River and reservoir waters were collected 30 cm below the surface water. Shallow groundwater and deep groundwater were directly collected from the irrigation wells or drinking water wells, respectively. Soil samples were collected in the urban resident living areas and farmland. All the sample bottles were washed with the collected water 3 times before storing water samples. The samples were stored in 1 L polyethylene bottles used for hydrochemicals, in 0.1 L polyethylene bottle for δ 15 N-NO 3 -, δ 18 O-NO 3 -, and in 8 mL glass bottle for δD-H 2 O and δ 18 O-H 2 O, respectively. All samples were sealed with parafilm to prevent water evaporation and isotopic fractionation, and water samples were preserved at 4ºC while soil and fertilizer samples were refrigerated at -20ºC until experimental analysis. Temperature (T), pH, and GPS were measured in the field.
Laboratory Analyses
The water chemistry was measured in Shanxi University with an atomic absorption spectrometer (PE-2380) and ion chromatogram pH (Dionex-100) after filtration through 0.45 μm cellulose acetate membrane to eliminate the interference of impurities on the results. Charge balance calculation shows that charge imbalance did not exceed ±5% for all the samples. The per mil deviation values (δ) of isotope ratio of sample and standard sample were used to indicate the isotopic content of the element, and the isotope results are represented in δ units defined as follows:
…where R sample and R standard are the ratio of heavy and light isotopes in the sample and the standard sample, respectively.
Results and Discussion
Hydrological Processes of Various
Water Bodies
Stable isotope compositions of various water samples are presented in Table 1 . The measured δD and δ 18 O of precipitation range from -84.32‰ to -45.72‰ and -15.83‰ to -5.52‰, respectively. This wide variation range of δD and δ 18 O reflects the complexity of the water vapor sources in the study area. The mining area was located between Taihang and Lvliang mountains, where it is difficult for water vapor from ocean evaporation to reach directly. Therefore, precipitation mainly was influenced by continental water vapor sources. At the same time, changes in spatiotemporal scales occurred when precipitation infiltrated groundwater via strong evaporation due to mining activity. Geographical factors of the mining area, water rock interactions, and local climatic conditions also caused a certain kinetic isotopic fractionation effect.
The measured δD and δ 18 O in reservoir water range from -63.32‰ to -58.72‰ and from -9.37‰ to -8.74‰, respectively. Precipitation is the main source of reservoir water, and isotopic fractionation occurred via strong evaporation or interaction with CO 2 , which depended on the local geological context [18] [19] [20] . Moreover, δD and δ 18 O in river water range from -60.71‰ to -66.12‰ and from -9.11‰ to -9.68‰, respectively. River water is enriched by δD and δ 18 O, which have a similar isotopic composition and hydrochemical composition when compared to reservoir water. The isotopic composition of river water of the main stream is mainly influenced by precipitation and evaporation fractionation. This study found that δD and δ 18 O in mountainous regions of the upstream area are generally higher than the δD and δ 18 O in plain regions of the midstream areas and downstream areas. The upstream area of the Fenhe River Basin has a lower temperature and larger vegetation coverage, the evaporation effect is weak and the enrichment of δD and δ 18 O is small. Furthermore, δD and δ 18 O in soil water range from -62.71‰ to -67.74‰ and from -9.31‰ to -9.75‰, respectively. The soil water samples are enriched in δD and δ 18 O. This phenomenon is the result of soil water being impacted by different degrees of evaporation and continental effects. Moreover, δD and δ 18 O in shallow groundwater range from -63.48‰ to -70.96‰ and from -9.46‰ to -10.01‰, respectively. The evaporation effect is significantly higher in the midstream and downstream areas compared with upstream. Precipitation is the main source of shallow groundwater in the mountain regions of the upstream area.
On the other hand, shallow groundwater of the plain regions in the midstream area and downstream area are complex in isotopic composition, which indicated that the main sources of recharge in these areas are the combined effects of different water sources.
Loess is characteristically loose, being high in porosity and soil particles, and water permeability is strong. Precipitation converted into soil water and then infiltrated the soil layer to form groundwater runoff, while shallow groundwater flowed into the river to recharge surface runoff. Reservoir water and river water are associated with soil water and shallow water in terms of infiltration recharge, the isotopic composition of soil water and shallow groundwater are positively correlated to the distance between the reservoir and river. The reservoir water, river water, soil water, and shallow groundwater have certain hydraulic connections between them. This phenomenon could be consistent with cycling processes of precipitation→ surface water→ soil water→ groundwater→ surface water. Moreover, δD and δ 18 O are continuously enriched by evaporation. Therefore, δD and δ 18 O in reservoir water and river water are relatively enriched. The lowest δD and δ 18 O values are found in deep groundwater and range from -73.75‰ to -78.71‰ and -10.05‰ to -11.01‰, respectively. The deep groundwater is recharged by archaic groundwater from early geological formations as well as archaic precipitation. The deep groundwater is chartered by sedimentary water and less affected by evaporation and human activity. This study also found that there is a significant difference between δD and δ 18 O values in deep groundwater and shallow groundwater, respectively, which indicated that a water resistance layer is presented between the deep groundwater and shallow groundwater. The hydraulic connection between them is relatively small, and there is rarely flow between deep groundwater and shallow groundwater.
Dansgaard [21] defined deuterium excess (d-excess) as d = δD-8δ 18 O, which is an important parameter in the study of hydrology. The d-excess of atmospheric precipitation varies between different regions, and is mainly affected by air relative humidity of the water vapor origin area when water is evaporating, while the influence of water surface temperature and wind speed are relatively small. If the air relative humidity of the water vapor origin area increased by 10%, the d-excess of precipitation will fall by 6‰. Therefore, it could not only be used as a direct response of the degree of imbalance between precipitation, evaporation, and condensation processes in the study area, but it could also be used as a response to the degree of spatiotemporal variation in water cycling in the region.
The d-excess of precipitation, reservoir water, river water, soil water, shallow groundwater, and deep groundwater in the study area are 6.8-24.2‰, 6.4-15.1‰, 5.8-14.3‰, 6.3-13.1‰, 10.1-16.3‰, and 4.2-7.3‰, respectively. The d-excess exhibited large amplitudes and high value characteristics, which is mainly due to the fact that the study area is located in an arid-semiarid area, that precipitation is complex in the area, and that the second stage of surface water evaporation in the area is severe. The isotopic fractionation between gas and liquids during the precipitating formation processes of clouds is also imbalanced, which forms uncommon local water cycling conditions.
As Fig. 2 shows, most reservoir water, river water, soil water, and shallow groundwater are plotted in a triangular area of precipitation, which indicated the characteristics of mixed recharge. Deep groundwater is plotted outside the triangular area of precipitation, which indicated that there is less modern precipitation recharge. Some of the reservoir water, river water, and soil water are also plotted outside the triangular area of precipitation, which indicated that the seasonal variations of precipitation recharge need to be taken into account in some sampling sites. Fig. 2 show that associations between mutual recharge and discharge existed among reservoir water, river water, soil water, and shallow groundwater, which indicated that water in the Fenhe River Basin is recharged by a variety of water sources.
Concentration and Transformation of Nitrogen Species
The N species (NH 4 + -N, NO 3 --N, NO 2 --N, TN, and NO 3 -) compositions of various water samples are presented in Table 1 . The NO 3 -concentrations of all water samples ranged from 0.52 to 101.77 mg/L, with a mean value of 29.76 mg/L. 25.6% of the water samples exceeding the maximum permissible limit for nitrate in drinking water (50 mg/L), as recommended by WHO. The NO 3 --N concentration of all water samples range from 0.32 to 18.83 mg/L, with a mean value of 8.71 mg/L. 46.2% of the water samples exceeding the drinking water standard of China (10 mg/L). The NO 3 -contamination of groundwater in the Fenhehe River Basin has already caused serious health problems for local residents. The NO 2 --N concentration of all water samples ranges from BDL (below detection limit) to 0.57 mg/L, with a mean value of 0.07 mg/L. 14.1% of the water samples exceeding the maximum permissible limit for NO 2 --N in drinking water (0.2 mg/L), as recommended by WHO, which indicates the high toxicity and severe pollution in the study area. The NH 4 + -N concentration for all water samples range from BDL to 10.74 mg/L, with a mean value of 2.69 mg/L.
The minimum concentrations of all N species are found in deep groundwater, which indicates that the deep groundwater is rarely affected by industrial and domestic sewage. This phenomenon also illustrates the fact that the denitrification caused by denitrifying bacteria exists in the deep groundwater. The maximum concentrations of all N species are found in the Jiexiu, Huozhou, Hongtong, and LinFen sampling sites, which indicates that the river water, reservoir water, and shallow groundwater have been polluted by industrial and domestic sewage to varying degrees. These sampling sites are distributed within the industrial and urban areas, and industrial point source pollution and urban non-point source pollution are the main nitrate pollution sources in this area. The concentrations of both NH 4 + -N and NO 3 --N are increased due to the excessive application of fertilizer and the discharge of domestic sewage.
The denitrification caused by microorganisms in river water are obviously due to the wide river channel and slow water velocity downstream, which led to a lower NO 3 -concentration. The NH 4 + -N concentration increased in these polluted areas, which indicates that the degradation rate of pollutants in water is slow. The process of denitrification generally proceeds through some combination of the following intermediate forms: NO 3 -→NO 2 -→NO+N 2 O→N 2 (g) under the condition of an anaerobic environment. Direct reduction from NO 3 -to NH 4 + only occurs when the denitrifying microorganisms have the nrf-gene, which is a process known as dissimilatory nitrate reduction to ammonium (DNRA). However, DNRA is generally less common than denitrification in the process of nitrate reduction in most ecosystems. The lower NO 3 -concentration and increased NH 4 + -N concentration indicated that the DNRA process A ternary diagram is a common analytical method in the field of environmental science. As Fig. 3 shows, NO 3 --N is the main form of dissolved inorganic nitrogen (DIN) in the study area, NH 4 + -N is the main form of DIN in some sampling sites severely polluted by domestic sewage, and N species of the deep groundwater are mainly plotted into pristine sources. The reservoir water and most of the river water and shallow groundwater are plotted into agricultural sources. The river water and shallow groundwater seriously affected by human activities are mainly plotted into anthropogenic sources. The conclusions are similar to that of different catchments in the Loess Plateau in China [22] , the Songhua River in northeastern China [23] , the Liao River northeastern China [24] , and different types of water bodies in Tianjin, China [25] .
For all samples, δ 15 N-NO 3 -ranges from -1.01‰ to 18.45‰, with a mean value of 6.79‰, and δ 18 O-NO 3 -ranges from -2.02‰ to 62.15‰, with a mean value of 16.38‰. The δ 15 N-NO 3 -background values of shallow groundwater (≤+5‰) under natural conditions are typically used to determine whether groundwater is polluted by N [26] . For all samples, 67% exceeded the background value, which indicated varying degrees of N pollution in the study area. Moreover, δ 15 N-NO 3 -and δ 18 O-NO 3 -values are an ideal geochemical tracer that can provide essential data concerning the origin of nitrate pollution sources. The main sources of nitrates include animal manure, domestic sewage, nitrate fertilizers, and atmospheric deposition [27] .
Nitrification, which is the process of NH 4 + oxidizing into NO 3 -via autotrophic microbes, often occurs in soil and aquatic environments. . Theoretically, NO 3 -generated by nitrification derives one-third of its O atoms from dissolved O, which has a similar isotopic composition to atmospheric O, and two-thirds from water [26] . As Fig. 4 shows, more than 90% of the δ 18 O-NO 3 -value in surface and groundwater are plotted near the line of δ 18 O-NO 3 -= 2/3δ 18 O-H 2 O+1/3δ 18 O-air, which indicates that nitrification was the main source of NO 3 -in the Fenhe River Basin. Some river water and reservoir water have a low δ 18 O-NO 3 -value. This is due to the fact that the high content of NH 4 + increased the reaction rate of nitrification, which leads to more O atoms being used from H 2 O [28] [29] [30] .
Denitrification is the process of reducing NO 3 --N to gaseous N (N 2 , N 2 O) via anaerobic microbial behavior, and heterotrophic bacteria are the primary microorganisms of this process [31] . Nitrogen isotope fractionation is 
Identification of Nitrate Pollution Processes
Cl -can be used as an indicator to trace the changes of NO 3 -concentrations under mixing processes and denitrification in surface water and groundwater. This is due to it being a conservative element in natural water environments. There is no significant correlation between NO 3
-and Cl -due to the large variation of Cl -concentration in the study area. The high Cl -values in surface water and shallow groundwater could signify multi-anthropogenic sources. This is due to a rare halite weathering effect in the study area. The NO 3 -concentrations of sewage, manure, and fertilizer collected in this study are 1.53±0.7 mmol/L, 0.71 ±0.13 mmol/L, and 0.15±0.12 mmol/L, respectively. The Cl -concentrations of sewage, manure, and fertilizer are 1.68 ±0.14 mmol/L, 2.37±0.11 mmol/L, and 0.11±0.05 mmol/L, respectively. Both NO 3 -and Cl -concentrations of samples are low in the reservoir water samplings, which suggests that fertilizer is the main source of nitrate in the reservoir water due to the NO 3 -and Cl -concentrations of the fertilizer being high. The Fenhe and Wenyuhe reservoirs are far away from human production and living areas, and human activities have less influence on water quality. Natural effects are far greater than anthropogenic influence. Atmospheric deposition and soil organic N are the key factors affecting water quality in this area. While in the urban living area, the NO 3 -concentration and the isotopic composition of water bodies are significantly controlled by land use type and human activity [34] [35] [36] . The precipitation, soil organic N, chemical fertilizers, domestic sewage, and livestock manure samples in the study area were also selected in this study to examine the effects of different pollution sources on the isotopic composition of water bodies. The results are provided in Table 2 .
Low NO 3 -concentration and low δ 15 N-NO 3 -are found in reservoirs and upstream of the study area, which is due to less human activity. Compared to Table  2 , the δ 15 N-NO 3 -value upstream is within the limit values of precipitation and soil organic N in the study area, which indicated that NO 3 -in precipitation and soil organic N are the major sources. The δ 15 N-NO 3 -values are higher midstream and downstream than upstream, which indicated the characteristics of multiple pollution sources via soil organic N, fertilizer, manure, and sewage. This is due to the different land use types along the 3 -values among the different river inputs. Isotopic compositions of agricultural inputs are lower than those of urban and industrial pollution inputs. These results are in agreement with this study [37] [38] [39] .
The NO 3 -concentration and δ 15 N-NO 3 -value in shallow groundwater are similar to that of surface water, which indicated that there is a hydraulic association between surface water and shallow groundwater. On the other hand, NO 3 -concentration and δ 15 N-NO 3 -value in deep groundwater show obvious differences when compared to shallow groundwater and surface water. Pollution in deep groundwater is rarely found in the study area. Nitrate sources are mainly controlled by archaic precipitation. This phenomenon is the result of an obvious aquiclude barrier between deep groundwater and shallow groundwater. Owing to this, hydraulic connections could rarely be found between them.
Conclusions
We discussed the hydrological and pollution processes in this study using hydrochemical and multiple isotope methods. The following conclusions can be drawn from the present study: Precipitation is the main source of water in the study area, and there is an obvious isotopic fractionation caused by evaporation. Values of δD and δ 18 O in tributaries are generally higher than in the main stream, and they decreased along with the direction of river flow. Deep groundwater is significantly less affected by evaporation and human activity, which is recharged by archaic groundwater. Results from d-excess indicated that the reservoir water, river water, soil water, and shallow groundwater had a mutual recharge and discharge association. NO 3 -is the main N species in the study area, and 46.2% of NO 3 --N concentrations exceeded the drinking water standard of China (NO 3 --N≤10mg/L). It must be noted that these concentrations have already endangered the health of local residents of the area.
Values of 15 N-NO 3 -and 18 O-NO 3 -indicated that nitrification is the main source of NO 3 -. On the other hand, denitrification is also found in some river branches. Sources of NO 3 -are mainly controlled by land use type along the riverbank. Nitrogen in precipitation and soil organic N are the major sources of NO 3 -in the upstream. The midstream area is mainly polluted by manure and sewage, the downstream area is polluted by a mixture of soil organic N and fertilizers. There is a hydraulic association between surface water and shallow groundwater. Deep groundwater is rarely polluted in the study area, and NO 3 -is mainly controlled by archaic precipitation, which indicates that there is an obvious aquiclude between shallow groundwater and deep groundwater.
